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Department of Biomedical Engineering, University of California, Davis, CaliformiaABSTRACT Epithelial cell migration is an essential part of embryogenesis and tissue regeneration, yet their migration is least
understood. Using our three-dimensional (3D) motility analysis, migrating epithelial cells formed an atypical polarized cell shape
with the nucleus leading the cell front and a contractile cell rear. Migrating epithelial cells exerted traction forces to deform both
the anterior and posterior extracellular matrix toward the cell body. The cell leading edge exhibited a myosin II-dependent retro-
grade ﬂow with the magnitude and direction consistent with surrounding network deformation. Interestingly, on a two-dimensional
substrate, myosin IIA-deﬁcient cells migrated faster than wild-type cells, but in a 3D gel, these myosin IIA-deﬁcient cells were
unpolarized and immobile. In contrast, the migration rates of myosin IIB-deﬁcient cells were similar to wild-type cells. Therefore,
myosin IIA, not myosin IIB, is required for 3D epithelial cell migration.Received for publication 13 October 2009 and in ﬁnal form 17 February 2010.
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doi: 10.1016/j.bpj.2010.02.028Diverse arrays of cells are capable ofmigrating, but not all cells
migrate in the same way. Many cells crawl asynchronously
with a distinct membrane extension at the leading edge and
a cell body retraction tomove the bulky nucleus forwardwhile
others rapidly glide on the surface with a constant cell shape
(1). At the leading edge, the constant retrograde flow of actin
network transmits forces needed for cell movement. This tran-
sient engagement between force generating actin machinery
and the surroundingmatrix is a molecular clutch that regulates
the efficiency of cell migration (2).
Despite the different types of cell migration, non-muscle
myosin II emerged as the underlying core machinery that
drives cell movement. Particularly, the distinct roles of
myosin II isoforms in cell migration became evident.
Of three myosin isoforms (A, B, C), the more ubiquitously
expressed isoforms A and B are distinctly localized in
migrating cells. The absence or reduced amount of myosin
IIA caused increased protrusion, in most cases, increased
motility and reduced retrograde flow in spreading cells (3).
In contrast, myosin IIB was essential for persistent cell
migration and cell polarization (3). However, the roles of
myosin II isoforms in generating traction forces in a three-
dimensional matrix have not been elucidated.
We analyzed epithelial cell migration in a three-dimen-
sional collagen matrix. In contrast to previously described
motile cells, these single cells maintained a constant cell
shape with the wider region containing the nucleus and
leading the cell body (Fig. 1 A, Movie S1 of the Supporting
Material). These cells migrated at 3.85 0.3 mm/h (Fig. 3 D)
without significant changes in the cell body length (<15% of
the total cell length, Fig. S1 D). Many cells migrated without
membrane activity at the leading edge, suggesting that
rapidly extending and retracting protrusions are not required
for cell migration.In the absence of a well-defined protrusion, the actin
network was distributed throughout the cortex of migrating
cells, but was highly concentrated at the trailing edge
(Fig. 1 A), suggesting that the cell rear may act as a contrac-
tile structure. To examine the traction forces exerted by
migrating cells, we quantitatively analyzed the surrounding
matrix deformations by embedding fluorescent particles in
the matrix as fiducial markers. Both anterior and posterior
particles moved toward migrating cells (Fig. 1 B, Fig. S1 C),
suggesting that both the front and rear of the migrating cell
exert pulling forces. Based on particle displacements,
migrating cells exerted ~100 nN of traction force (see
Methods in the SupportingMaterial). Similarmatrix deforma-
tion patterns were observed with epithelial cells migrating in
Matrigel (Fig. S1A andB). This is a stark contrast to the amoe-
boid mode of migration in which cells extend leading protru-
sions to push the matrix away from the cell body (4). Our
results are more consistent with the mesenchymal mode of
migration in which cells retract leading protrusions to pull
the matrix toward the cell body (5), albeit without the dis-
tinct extension and retraction cycles required for net cell
displacement.
It was not immediately clear as to how migrating cells
generate the observed anterior and posterior matrix deforma-
tion. The focal adhesion protein, paxillin, accumulated at the
trailing edge (Fig. S1 E). This residual matrix adhesion may
be sufficient for migrating cells to drag the posterior matrix,
and this is consistent with the observed posterior matrix
deformation.
FIGURE 1 Epithelial cells migrate with a constant polarized
shape in a 3D matrix. (A) A GFP-actin expressing MDCK epithe-
lial cell migrating in a 3D collagen matrix. (B) Traction force
generated by migrating cells deform surrounding matrix. The
individual tracer particles around 10 migrating cells were super-
imposed relative to the cell centroid (center). The arrow direction
and size reﬂects the direction and magnitude of the particle
motion. Gray cell shadow is the relative position of migrating
cells. Scale bar 10 mm. Time in minutes.
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rior matrix, we analyzed the movement of tracer particles
that came in direct contact with the surface of migrating
cells. Once the particle became coupled to the leading
edge, the particle moved rapidly along the cell cortex toward
the cell rear (Fig. 2 A black arrow, Movie S2), and either
remained there or was released into the matrix. The retro-
grade flow was consistent with the matrix deformation at
the immediate vicinity of cell cortex (Fig. 1 B and S1 B).
This retrograde movement was greater than the deforma-
tion of the anterior collagen network (Fig. 2 B), suggesting
that the cellular force was not fully translated into matrix
deformation. Interestingly, the retrograde flow and anterior
particle displacement occasionally stalled (Fig. 2 B, arrow-
heads). The increasing load on the retrograde flow due to
increasing matrix strain could induce sudden matrix fracture
or release, which is consistent with load-and-fail cycles
predicted by a molecular clutch model (6). In the absence
of well-defined protrusions, these results suggest that retro-
grade flow generated by the cortex of migrating cells exerts
traction forces to deform the anterior matrix.FIGURE 2 Myosin II dependent retrograde ﬂow of migrating cell
in a 3D matrix. (A) The particle movement along the cell cortex.
Black and white arrowheads track the coupled and anterior
particle, respectively. (B) The displacement of the coupled
(Coupled) and anterior (Anterior) particle. (C) Blebbistatin
prevents the retrograde ﬂow on the cell cortex (black arrow).
(D) The particle displacement before, during and after blebbista-
tin treatment. Scale bar 10 mm. Time in minutes.
Biophysical Journal 98(8) L29–L31Since traction forces are often generated by actin-myosin
contractions, we examined the roles of nonmuscle myosin
II in cell migration using blebbistatin, a small molecule
inhibitor of myosin II ATPase activity. The retrograde flow
immediately ceased during the brief blebbistatin treatment
and this effect was reversible (Fig. 2 C and D, Movie S3),
suggesting that myosin II activity was required for the gener-
ation of retrograde flow. With the addition of blebbistatin,
the migrating cells immediately stopped, and lost their
polarized morphology and actin accumulation at the cell
rear (Fig. S2 A, Movie S4). Furthermore, blebbistatin treat-
ment caused the immediate release of both anterior and
posterior particles away from the cell, indicating the loss
of traction force (Fig. S2 B). A small but significant matrix
relaxation was observed after the addition of cytochalasin
D (Fig. S2 B), which may be due to the residual activity of
myosin II or myosin II-independent forces. Together, these
data suggest that the myosin II-dependent retrograde flow
engages with the surrounding matrix to exert traction forces
to advance cell body.
Previous studies have shown that two myosin II isoforms
(A and B) play distinct roles in cell polarization and migra-
tion on a two-dimensional substrate (3). In a three-dimen-
sional matrix, however, both myosin II isoforms were
concentrated at the cell rear of migrating cells (Fig. S3 A).
Using maximum projection images to visualize the three-
dimensional organization of myosin network, we found
that both myosin II isoforms also formed a ring structure
at the central region of the cell body (Fig. S3 A). Further-
more, the phosphorylated (active) myosin light chain was
concentrated at the cell cortex and trailing edge (Fig. S3 B),
raising possible roles for myosin II in retrograde flow and
the return of cortical flow to the cell front, respectively.
In a well-defined fibroblast lamellipodia, the retrograde flow
is in part generated by myosin IIA (7). Therefore, a similar
mechanism may drive the retrograde flow in migrating epi-
thelial cells in a three-dimensional matrix.
To distinguish the roles of each myosin II isoform in
epithelial cell migration, we stably silenced myosin IIA or
B (Fig. S4 A and B). On a two-dimensional surface, myosin
IIA-depleted cells had larger lamella and fewer actin stress
fibers than untransfected wild-type cells or myosin IIB-
depleted cells (Fig. S4 C). Surprisingly, myosin IIB-deficient
cells did not exhibit any morphological phenotype or actin
organization defects (Fig. S4 C).
To determine if these morphological or actin organization
defects translated into functional deficiencies, we analyzed
the role of myosin II isoforms using cell migration assays.
On a coverslip, myosin IIA depleted cells migrated faster
than wild-type cells (Fig. 3 A). The increased migration
rate was more pronounced when cells were forced to migrate
in a more directed manner during a two-dimensional wound
healing assay (Fig. 3 B). In contrast, myosin IIB knockdown
did not affect single cell migration or wound closure rate of
cells on a coverslip. One explanation may be that myosin IIA
FIGURE 3 Epithelial migration is myosin IIA-dependent. (A) Box
plot of the rates of single cell migration of wild-type (n ¼ 33),
myosin IIA (n ¼ 11) or B knockdown (KD) cells (n ¼ 21) on a 2D
surface. *P < 0.001. (B) Box plot of wound closure rate of wild-
type (n ¼ 9), myosin IIA (n ¼ 13) or B knockdown cells (n ¼ 10).
*P < 0.001. (C) The percent of polarized cells in a 3D gel, for
wild-type (n ¼ 98), myosin IIA (n ¼ 83) and IIB knockdown cells
(n ¼ 80). Top: cell phenotypes. Scale bar 10 mm. *P < 0.001. (D)
Box plot of the average speed of wild-type (n ¼ 38), myosin IIA
(n¼ 54), andB (n¼ 64) knockdowncells in a 3Dmatrix. *P<0.001.
Biophysical Letters L31can functionally compensate for the loss of myosin IIB.
However, this is unlikely since a previous study demon-
strated that the overexpression of myosin IIA could not fully
rescue the phenotype of myosin IIB depleted cells (8).
Unlike the phenotypes on a two-dimensional surface, in
a three-dimensional matrix, the majority of myosin IIA-
depleted cells remained round and unpolarized whereas
myosin IIB-depleted cells exhibited a normal phenotype
(Fig. 3 C, Fig. S4 D). Only 6% of myosin IIA knockdown
cells were polarized whereas >30% of wild-type or myosin
IIB knockdown cells were polarized (Fig. 3 C). Consistent
with this, myosin IIA knockdown cells migrated slower
than wild-type or myosin IIB knockdown cells (Fig. 3 D,
Movies S5, S6, and S7). The expression of exogeneous
myosin IIA that is insensitive to siRNA was able to rescue
this phenotype (Fig. S4 E and F), suggesting that cell migra-
tion defects were solely due to loss of myosin IIA, and not a
consequence of off target silencing. Although myosin IIA
depletion increased the rate of cell migration on a two-dimen-
sional surface, in a three-dimensional matrix, loss of myosin
IIA resulted in a drastically reduced cell migration speed.
What drives this dramatic switch in the mechanisms of
cell migration on a two-dimensional surface and in a three-
dimensional matrix? One possibility is that matrix elasticity
plays a key role in this morphological switch. To test this
hypothesis, instead of embedding cells in the matrix, cells
were seeded on the surface of a collagenmatrix, thus providing
an elastic two-dimensional substrate. In contrast to migration
in a three-dimensional matrix, but similar to that on a stiffer
glass coverslip, myosin IIA knockdown cells on an elastic
matrix migrated quickly with broad lamellipodia (Fig. S5).
This result suggests that the stiffness of the matrix alone is
not sufficient for the phenotypic switch from migration on
a two- to in a three-dimensional environment. The adaptation
of cell morphology to a three-dimensional matrix may require
additionalmatrix cues on the cell dorsal surface (9), a key stim-
ulus for cell intercalation during embryogenesis (10).
Our motility assays revealed that, unlike any other cell
types, epithelial cell migration in a three-dimensional matrixdoes not require extension-retraction cycles. Rather, the cells
polarize to form a constant cell shape with retrograde motion
along the cell cortex. This cell polarization, retrograde flow,
and therefore migration, is solely dependent on myosin IIA.
Interestingly, glioma cell invasion, which uses extensive
protrusions, also depends on myosin IIA activity (11), under-
scoring the critical roles that myosin IIA plays in themigration
of diverse cell types. Since the pattern of matrix deformation
surrounding migrating cells is consistent with the retrograde
flow, and both traction forces and retrograde flow are depen-
dent on myosin II, our data suggest that retrograde flow is
responsible for the generation of traction forces (Fig. S1 F).
Interestingly, this retrograde flow is similar to the myosin
IIA-dependent actinflowinothermigratingcells ona coverslip
(7). Therefore, retrograde flowmay be a universal mechanism
to generate traction forces for migrating cells in all matrix
dimensions.SUPPORTING MATERIAL
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